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The elastic constants, structural, electronic and optical properties of KB6 are studied using ﬁrst-principles
calculations. The calculated structural parameters for KB6 are consistent with previously reported
experimental results. The calculated absorption spectrum shows that KB6 is a promising near-infrared
absorbing material. By combining the calculated reﬂectivity spectra and the calculated absorption
spectra, the theoretical transmittance of compacted and coated ﬁlms of KB6 is determined. These cal-
culations reveal that KB6 could serve as a perfect solar radiation shielding material with high visible light
transmittance.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Metal hexaborides (M ¼ alkali metal, alkaline earth, rare earth)
are all characterized by three-dimensional boron networks con-
sisting of electron-deﬁcient B6 octahedra, in which the Mnþ
(n ¼ 1e3) cations and (B6)n octahedral clusters form a CsCl-type
simple cubic structure [1e4]. As shown in Fig. 1, M is located at
the center of the cubic structure and the B6 octahedron is located at
the corners. Alkaline earth hexaborides have attracted a consider-
able amount of attention due to the surprising weak ferromagne-
tism of their doped derivatives [5]. The rare earth hexaborides have
good physical and chemical properties such as low work functions
[6,7], increased hardness, high melting points, high conductivities,
and high chemical stability. These complexes not only make
excellent cathode materials for electron ﬁeld emission applications
[6e8], but also are useful for transparent and heat-insulating ma-
terials with excellent near-infrared absorption/reﬂectancenative English speaker from
ed upon request.
Metallurgical Engineering,
ina.
B.V. This is an open access article uperformance [9e11]. So far, researchers have mainly focused on the
alkaline earth and rare earth hexaborides, but studies on the alkali
metal hexaborides remain rare. Therefore, studying the crystal
structure and related physical properties of alkali metal hex-
aborides such as potassium hexaboride (KB6) is of great interest.
The self-consistent tight-binding linear mufﬁn-tin orbital
method in the atomic-spheres approximation was used to study
the electronic band structure and electronic densities of states
(DOS) of KB6 by Okatov et al. [12] Their results suggest that the
Fermi level of KB6 lies well below the top of the valence band. The
electronic band structure near the Fermi energy of KB6 has also
been calculated using the augmented plane wave plus local orbitals
(APW þ lo) method and the extended Hückel tight-binding (EHTB)
method. Both methods indicate that the valence bands of KB6 are
partially empty, suggesting that KB6 has the properties of a normal
metal [13]. Transport, magnetic susceptibility, electronic para-
magnetic resonance (EPR), and nuclear magnetic resonance (NMR)
measurements have all been used to study the electronic and
structural properties of KB6 by Etourneau et al. [13] in addition to
temperature-dependent crystal structure determination. The elec-
trical resistivity of KB6 reveals that KB6 is not a normal metal
[13,14]. However, the lack of systematic information on mechanical
properties has hindered studies and potential applications of KB6.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. The crystal structure of KB6. (a) Primitive cell and (b) Occupied sites of K atoms. BeBin and BeBout are the inter-octahedral and intra-octahedral boron bond lengths,
respectively.
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necessary in order to complete the previous exciting experimental
and theoretical work.
In the present work, the structural, elastic, electronic, and op-
tical properties of KB6 are investigated using ﬁrst-principles cal-
culations to predict its potential applications. In Section 2 of this
work, the computational models and details based on the ﬁrst-
principles calculations are discussed. In Section 3, the structural,
electronic and optical properties as well as elastic constants for KB6
are presented in addition to predictions of the theoretical trans-
mittance values of diverse KB6 ﬁlms. Section 4 discusses the con-
clusions of the present work.Table 1
Calculated and experimental structural parameters of KB6.
a0(Å) z B-Bin (Å) B-Bout (Å) M-B(Å)
Cal a4.207460 0.198864 1.79183 1.67343
Expt. b4.2246 0.1982 1.8033 1.6744 3.1023
a This work.
b Reference [25].2. Calculation models and methods
In this work, all ﬁrst-principles calculations were performed
with the quantum mechanics program Cambridge Serial Total en-
ergy Package (CASTEP) [15]. The Vanderbilt-type ultrasoft pseu-
dopotential [16] was employed to describe interactions between
ions and electrons. The PerdeweBurkeeErnzerh (PBE) [17] of
generalized gradient approximation (GGA) was used to describe
the exchange and correlation potentials. The Broydene-
FletchereGoldfarbeShanno (BFGS) algorithm [18] was used to
relax the structure of the crystal model. An energy cutoff of 400 eV
was used in the calculation. Geometry optimization was achieved
using total energy, maximum force, and displacement convergence
thresholds of 2  105 eV/atom, 0.05 eV/Å and 0.002 Å, respectively.
The tolerance in the self-consistent ﬁeld (SCF) calculation was
2.0  106 eV/atom. The Brillouin-zone sampling mesh parameters
for the k-point set were chosen as 20  20  20 for the electronic
structures and optical properties [19]. The elastic constants were
calculated using the ‘stressestrain’ method. The polycrystalline
bulk modulus B, shear modulus G, and Young's modulus E were
estimated according to the Voigt [20], Reuss [21], and Hill [22]
approximations.
The optical performance of KB6 can be investigated using the
complex dielectric function ε(u) ¼ ε1(u) þ iε2(u), which consists of
a real component ε1(u) and an imaginary component ε2(u). The
imaginary component of the dielectric function is related to the
electronic absorption of the material and can be obtained from the
momentum matrix elements of the occupied and unoccupied
electronic wave functions based on selection rules. The real
component ε1(u) of the dielectric function ε(u) is deduced from the
imaginary component ε2(u) using the KramereKronigtransformation. The other optical constants, such as reﬂectivity
R(u) and the absorption coefﬁcient a(u) can be derived from ε1(u)
and ε2(u) [23]. The theoretical transmittance of the KB6 ﬁlm is
predicted using the following formula [24].
T ¼ ð1 RÞ
2 expðadÞ
1 R2 expð2dÞ
where d is the thickness of the material ﬁlm, and the possibility of
multiple reﬂections between the front and back surface of ﬁlm is
ignored.3. Results and discussion
3.1. Structural properties and elastic constants
KB6 crystallizes in a simple cubic CaB6-type structure (space
group Pm3m, No. 221). The K atom is located at theWyckoff sites 1a
(0, 0, 0) while the B atoms are located at the 6f (z, 0.5, 0.5) site,
where z is an internal parameter. This determines the ratio between
the inter- and intra-octahedron BeB distances. We used the crystal
structure developed by Etourneau et al. as an initial conﬁguration
for geometry optimization [14]. The calculated equilibrium lattice
parameter (a0) and internal parameter (z) are listed in Table 1.
These results show that our calculated lattice parameters are in
good agreement with the experimental and theoretical values.
The elastic constants provide valuable information about the
anisotropic character of the bonding and binding characteristics
between adjacent atomic planes as well as their structural stability.
For cubic crystals, the mechanical stability requires that the elastic
constants satisfy the following criteria: C11 > 0, C44 > 0, C11 > C12,
C11þ2 C12 > 0 [26]. The elastic constant C11 represents the elasticity
in length, while C12 and C44 are related to the elasticity in shape.
Based on the calculated value of Cij shown in Table 2, cubic KB6 is
mechanically stable. Unfortunately, at present there are no
Table 2
Elastic constants Cij(GPa), bulk modulus B(GPa), shear modulus G(GPa), Young's modulus E(GPa) and Poisson's ratio s of KB6.
C11 C12 C44 B GV GR G E s B/G
349.57400 26.38020 86.72740 134.11147 116.67520 106.45632 111.56576 345.87187 0.0702 1.26
L. Xiao et al. / Computational Condensed Matter 9 (2016) 1e5 3available experimental and theoretical data for the elastic constants
of KB6 for comparison. Therefore, we consider the calculated elastic
constants to be predictive only.
Based on the values of Cij, the associated polycrystalline
aggregate properties can be calculated, such as the bulk modulus
(B), shear modulus (G), Young's modulus (E), Poisson's ratio (v), and
anisotropy ratio (A). These results are also shown in Table 2. In
general, the bulk modulus and shear modulus indirectly describe
the hardness of a crystal. Young's modulus is deﬁned as the ratio of
stress to strain and provides a measure for the stiffness of the solid.
The B/G ratio and Poisson's ratio s are associated with ductility
(brittleness). The critical values separating ductile and brittle ma-
terials are approximately 1.75 and 0.26 [27,28] respectively. For KB6,
the calculated B/G ratio is 1.26 and Poisson's ratio s is 0.0702. These
results indicate that KB6 is a brittle material.Fig. 3. Total and partial DOS of KB6.3.2. Electronic properties
The energy band structure calculated along the high-symmetry
directions in the Brillouin zone and the densities of states (DOS) of
KB6 are shown in Figs. 2 and 3, respectively. The zero energy is
arbitrarily taken at the Fermi energy (EF) level (dotted line).
The energy band curves and the TDOS curve in Figs. 2 and 3 pass
through the Fermi energy level, indicating that KB6 possesses
metal-like characteristics. These results agree well with previously
calculated ﬁndings, which indicates that the Fermi level of KB6 lies
well below the top of the valence band [8]. The top of the valence
band (VB) and the bottom of the conduction band (CB) are
composed of B 2p states and K 3p4s states, respectively. The
calculated PDOS for KB6 is shown in Fig. 3. It is clear that the valence
band can be separated into two intervals (8 to4.5 eV and4.5 to
0 eV). The lower interval originates from almost equal contribu-
tions from the B 2s and 2p orbitals hybridized with K 3p orbitals,
while the upper interval is dominated by the B 2p orbitals. The B 2p
state extends into and above the vicinity of the Fermi energy level.
The conduction band consists mainly of B 2p and K 3p4s states, and
the K 3p4s states are strongly hybridized with the B 2p states aboveFig. 2. Energy band structure of KB6.the Fermi level.Fig. 4. Dielectric function of KB6.
Fig. 6. The absorption spectra of KB6.
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The calculated real component ε1(u) and imaginary component
ε2(u) of the KB6 dielectric function are shown in Fig. 4. These results
show that the imaginary component ε2(u) is comprised of three
peaks, which are related to the electron excitation. Peak A at
0.66 eV is due to the transition of inner electron excitation of the B
2p states. Peak B at 5.52 eV and peak C at 8.70 eV can be attributed
to the transition between the B 2p states in the valence bands and
the K 3p states in the conduction bands. The calculated static
dielectric constant ε1(0) is 19.70.
The reﬂectivity spectra derived from the calculated dielectric
functions for KB6 are shown in Fig. 5. Surprisingly, Fig. 5 shows a
sharp dip structure at 1.73 eV in the visible region followed by a
marked increase in the lower energy IR range, similar to the
reﬂectivity spectra of LaB6, which is known as the plasma edge and
corresponds to the plasma frequency. Interestingly, a strong ab-
sorption coefﬁcient is observed in the UV range and the NIR range
in the absorption spectrum of KB6 as shown in Fig. 6, with a
maximum absorption coefﬁcient of 128 686 cm1 at 1.15 eV
(1078 nm) in the NIR range. However, the absorption coefﬁcients
are weak in the visible range with a minimum absorption coefﬁ-
cient of 32 126 cm1 at 2.14 eV (579 nm). Based on these results,
KB6 is a promising near-infrared absorbing material.
The index of refraction n(u) and extinction coefﬁcients k(u) are
shown in Fig. 7(aeb). The static refractive index n(0) is 4.45, which
is the maximum value. The refraction index decreases with
increasing photon energy and reaches a minimum value of
approximately 1.85 in the UV energy range. The real and imaginary
components of the dielectric constant are directly proportional to
the real and imaginary components of the dielectric constant,
respectively. By comparing Fig. 7(b) with Fig. 4, the extinction co-
efﬁcients and the imaginary component of the dielectric function
are observed to have the same trend, indicating that the origin of
the structures in the imaginary component of the dielectric func-
tion also explains the structures in the refractive index.
Fig. 7(c) shows the electron energy-loss function L(u), which is
important for describing the energy loss of a fast electron traversing
through a material. The peaks in L(u) correspond to the trailing
edge in the reﬂection spectra. For example, the peak in L(u)
occurring at 1.41 eV corresponds to an abrupt decrease in reﬂec-
tivity, while the broad peak at 17.25 eV also corresponds to the slow
reduction in R(u). In addition, the peaks in the L(u) spectrumFig. 5. The reﬂectivity spectra of KB6.
Fig. 7. Optical constants of KB6. (a) Refractive index (b) extinction coefﬁcient, and (c)
energy-loss spectrum.represent a plasma resonance property (a collective oscillation of
the valence electrons) and the corresponding frequency is the
plasma frequency up. It is interesting to note that the plasma fre-
quency of KB6 is 1.41 eV in the NIR range. Therefore, we conclude
that KB6 exhibits NIR absorption, which is attributed to metal-like
plasma oscillation.
The theoretical transmittance (T) of the compacted and coated
KB6 ﬁlms are calculated and plotted in Fig. 8(c) and (d), respectively.
It should be mentioned that the theoretical transmittance of the
compacted ﬁlm is derived from the reﬂection and absorption
spectra of KB6 as shown in Fig. 8(a) and (b), respectively. The
theoretical transmittance of the coated ﬁlm is derived only from the
absorption spectrum of KB6 as shown in Fig. 8(b) due to the limited
reﬂectance of the coated ﬁlm, indicating that the solar radiation
Fig. 8. Optical Performance of KB6 (a) reﬂectivity, (b) absorption spectrum, and
theoretical transmittance of (c) the compacted ﬁlm and (d) the coated ﬁlm.
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Fig. 8(c) and (d) show that both of the compacted and coated ﬁlms
of KB6 exhibit high visible light transmittance and low NIR trans-
mittance. The differences between the maximum visible light
transmittance and minimum NIR transmittance are 34.5% and
45.0%, respectively. The theoretical transmittance curves of both
the compacted and coated ﬁlms of KB6 are hanging bells in the
visible light region from 380 nm to 760 nm, with peaks at 585 nm
and 579 nm, respectively. These characteristics suggest that KB6 is a
perfect solar radiation shielding material with high visible light
transmittance.
4. Conclusion
Using ﬁrst-principles calculations based on density functionaltheory together with plane wave pseudopotential methods, the
electronic structure, elastic constants, electronic and optical prop-
erties of KB6 are investigated. The calculated structural parameters
are consistent with experimental data. Moreover, the elastic con-
stants of KB6 are also successfully obtained. The calculated optical
properties demonstrate that KB6 may serve as a perfect solar ra-
diation shielding material with high visible light transmittance.
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